Two-AB

:   2-aminobenzamide

ADA

:   anti-drug antibody

ADCC

:   antibody-dependent cell-mediated cytotoxicity

CD

:   circular dichroism

CDC

:   complement-dependent cytotoxicity

CE-SDS

:   capillary electrophoresis-sodium dodecyl sulfate

CEX

:   cation exchange chromatography

CEX-HPLC

:   cation exchange-high-performance liquid chromatography Chinese hamster ovary

CPB

:   carboxypeptidase B

CQA

:   critical quality attribute

Sm

:   coefficient of sedimentation

DSC

:   differential scanning calorimetry

ELISA

:   enzyme-linked immunosorbent assay

EMA

:   European Medicines Agency

EU

:   European Union

FcγR

:   Fcγ receptors

FcRn

:   neonatal Fc receptor

FDA

:   Food and Drug Administration

FTIR

:   Fourier transform infrared spectroscopy

HDX

:   hydrogen/deuterium exchange

HILIC-UPLC

:   hydrophilic interaction ultra-performance liquid chromatography

HMW

:   high molecular weight

icIEF

:   imaging capillary isoelectric focusing

IgG

:   immunoglobulin G

ITF

:   intrinsic fluorescence

LC-ESI-MS

:   liquid chromatography-electrospray ionization-mass spectrometry

LC-ESI-MS/MS

:   liquid chromatography-electrospray ionization-tandem mass spectrometry

LMW

:   low molecular weight

MALLS

:   multi-angle laser light scattering

MOA

:   mode of action

MS

:   mass spectrometry

MS/MS

:   tandem mass spectrometry

NANA

:   N-acetylneuraminic acid

NGNA

:   N-glycolylneuraminic acid

OD~d~

:   optical density difference

PBMCs

:   peripheral blood mononuclear cells

RP

:   reference product

SAR

:   structure-activity relationship

SEC

:   size-exclusion chromatography

SEC/MALLS

:   size-exclusion chromatography coupled to multi-angle laser light scattering

SEC/UV

:   size-exclusion chromatography coupled to UV detector

SPR

:   surface plasmon resonance

SV-AUC

:   sedimentation velocity analytical ultracentrifugation

TNF-α

:   tumor necrosis factor α

UPLC

:   ultra-performance liquid chromatography

US

:   United States

UV

:   ultraviolet.

Introduction {#s0001}
============

The loss of patent protection for some of the first "complex biologics" (e.g., monoclonal antibodies and Fc-fusion proteins) to be marketed has ushered in a new generation of biosimilars.[@cit0001] Since 2006, when the European Medicines Agency (EMA) began approving first-generation biosimilars of simpler biologics,[@cit0002] such as somatropin, filgrastim, and epoietin,[@cit0003] a growing number of biosimilars of complex biologics, such as monoclonal antibodies, have been approved in Europe and the United States. In 2013, CT-P13^4^ became the first monoclonal antibody biosimilar to be recommended for approval by EMA\'s Committee for Medicinal Products for Human Use, and authorized by the European Commission as a biosimilar to Remicade®. It was closely followed by the approval of SB4^5^ as the first biosimilar to Enbrel® in 2015, and in 2016, by the approval of SB2^6^ as a second biosimilar to Remicade®.

A biosimilar is a biological medicinal product whose active substance is similar to that of an already approved original biological product.[@cit0007] Biosimilars must demonstrate similar physiochemical and biological characteristics, efficacy, and safety in accordance with the approval requirements of regulatory authorities such as the EMA and the US Food and Drug Administration (FDA).[@cit0008] According to US regulations, a biosimilar must be highly similar to its reference product (RP) "notwithstanding minor differences in clinically inactive components and without clinically meaningful differences in terms of safety, purity, and potency."[@cit0009] Therefore, a series of comparability exercises should be performed to evaluate both similarities and differences in quality attributes between a biosimilar and its RP.

As a biosimilar to Remicade®, SB2 was developed and manufactured using Chinese hamster ovary (CHO) cell lines instead of the murine cell line (SP2/0) that was used for the production of Remicade®. We assessed the similarity of SB2 by extensive analyses and statistical comparison with more than 80 lots of EU-sourced and US-sourced RP, which enabled definition of the target quality product profile of infliximab. As we have stated previously,[@cit0010] analytical similarity studies should include similarity ranges based on data for the RP\'s critical quality attributes (CQAs) that could potentially affect potency, efficacy, and safety, as well as for non-CQAs that are related to process consistency. Therefore, during the development and characterization of SB2, we determined Remicade®\'s CQAs on the basis of the RP\'s mode of action (MOA) and results from several structure-activity relationship (SAR) studies, using state-of-the-art and orthogonal methods. In the analytical similarity studies, all the possible quality attributes of SB2 were compared with those of the RP in analyses using more than 60 analytical methods; similarity ranges were based on 18 of these test methods.

Infliximab is a genetically engineered chimeric (human-murine) monoclonal antibody that consists of two light and two heavy chains and has an approximate molecular weight of 149 kDa.[@cit0011] Each light chain is composed of 214 amino acids with 5 cysteine residues and each heavy chain is composed of 450 amino acids with 11 cysteine residues.[@cit0011] All cysteine residues in the light and heavy chain are involved in either intra- or inter-disulfide bonds ([Fig. 1](#f0001){ref-type="fig"}). Infliximab binds with high affinity to tumor necrosis factor--α (TNF-α) and thus blocks some of this cytokine\'s effects, which include mediation of inflammatory responses and modulation of the immune system.[@cit0012] Evidence indicates that TNF-α plays an important role in autoimmune and inflammatory diseases. Remicade® is currently approved for use in the treatment of rheumatoid arthritis, adult Crohn\'s disease, pediatric Crohn\'s disease, ulcerative colitis, pediatric ulcerative colitis, psoriasis, psoriatic arthritis, and ankylosing spondylitis in the US.[@cit0012] Figure 1.Schematic Structure of Infliximab.

SB2 was developed as a biosimilar to Remicade® in accordance with the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use, the EMA, and the US FDA guidances regarding biosimilar and biotechnology/biological products. These documents provide information about test procedures and acceptance criteria for biotechnological/biological products[@cit0013] and discuss quality considerations for similarity assessment.[@cit0014] CQAs of infliximab are highly related not only to its TNF-α binding and the corresponding neutralization effect of that binding, but also to its effector functions associated with the Fc domain (e.g., complement-dependent cytotoxicity \[CDC\] and antibody-dependent cell-mediated cytotoxicity \[ADCC\]). Here, we report the results of a subset ([Table 1](#t0001){ref-type="table"}) of more than 60 structural, physicochemical, and biological analyses, which themselves representing a subset of the total comparability campaign of analyses, demonstrating the similarity between SB2 and its RP. Table 1.Summarized attributes and key findings.CategoryProduct Quality AttributesAnalytical MethodsAssessment**Physicochemical characterizationPrimary Structure**Molecular weightIntact mass under reducing/non-reducing conditionsSimilar to RPAmino acid sequencePeptide mapping by LC-ESI-MS/MS using a combination of digestion enzymesSimilar to RPTerminal sequenceMethionine oxidationDeamidationC-terminal and N-terminal variantsDisulfide linkage mappingpeptide mapping under non-reducing conditionSimilar to RP**Higher-order Structure**Protein secondary and tertiary structureFar- and near-UV CD spectroscopy, ITF,Similar to RPHDX-MS, Antibody conformational array,Similar to RPDSCSimilar to RP**Glycosylation**N-linked glycosylation site determinationLC-ESI-MS/MSSimilar to RPN-glycan identificationProcainamide labeling and LC-ESI-MS/MSMinor differences were observed, but not clinically meaningfulN-glycan profile analysis2-AB labeling and HILIC-UPLCSimilar in terms of %Afucose+%HM and %Gal, %Charged glycans of SB2 is lower, but not clinically meaningful**Aggregation**Soluble aggregatesSEC-UV, SEC-MALLS/RI SV-AUCSlightly higher compared with RP in HMW analyzed by SEC/UV, but SV-AUC and SEC-MALLS profiles of SB2 was similar to that of RP**Fragmentation**Low molecular weightNon-reduced CE-SDSSimilar to RPReduced CE-SDS**Charge heterogeneity**Acidic variantsCEX-HPLC and icIEFSimilar to RPBasic variantsLower compared with RP, but not clinically meaningful**Biological CharacterizationFab-related Biological Activity**TNF-α neutralization activityTNF-α neutralization assay by NF-κB reporter gene assaySimilar to RPTNF-α binding activityFRETSimilar to RPApoptosis activityCell-based assaySimilar to RPTransmembrane TNF-α binding assayFACSSimilar to RP**Fc-related Biological Activity**FcRn bindingAlphaScreen®Similar to RPFcγRIIIa (V/V type) bindingSPRSimilar to RPADCC using healthy donor PBMCCell-based assaySimilar to RPCDCCell-based assaySimilar to RPC1q bindingELISASimilar to RPFcγRIa bindingFRETSimilar to RPFcγRIIa bindingSPRSimilar to RPFcγRIIb bindingSPRSimilar to RPFcγRIIIb bindingSPRSimilar to RP[^1]

Results {#s0002}
=======

Primary structure and disulfide linkages {#s0002-0001}
----------------------------------------

EMA and FDA guidelines state that the amino acid sequences of the proposed biosimilar drug and of RP should be identical.[@cit0014] However, differences may exist in terminal amino acid sequences and post-translational modifications because of differences in proprietary expression systems, bioprocess, purification, formulation, and storage conditions.[@cit0018]

To compare the structural integrity of SB2 and RP, full amino acid sequences, and N- and C-terminal sequences were analyzed by liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) peptide mapping. Experiments were performed with SB2 and RP in a side-by-side manner.

High similarity in peak intensities and retention times were observed in mirror images of the peptide chromatograms of Lys-C--digested SB2 and RP ([Fig. 2A](#f0002){ref-type="fig"}). When SB2 and RP chromatograms were compared, there were no new peaks for SB2. Sequencing of peptides generated by three enzymes (i.e., trypsin, Lys-C, and Asp-N, [Fig. 2B](#f0002){ref-type="fig"}) and accurate mass determination by complete or partial tandem mass spectrometry (MS/MS) data demonstrated that the amino acid sequences of SB2 and RP were identical. Sequence coverage of 100% was accomplished by these analyses (data not shown). Figure 2.Primary Structure (Amino Acid Sequence) of SB2 and RP. (A) Mirror images of chromatograms of Lys-C--generated peptides of SB2 and RP. (B) Peptide maps of SB2 resulting from digestion with trypsin, Lys-C, and Asp-N.

Analyzing peptides digested by trypsin, we conducted disulfide mapping of SB2 and RP under non-reducing and reducing conditions. All disulfide-linked peptides except one (i.e., a peptide in which the two heavy chain fragments were linked by two disulfide bonds at T21) were linked via one disulfide bond ([Fig. 3](#f0003){ref-type="fig"} and [Table 2](#t0002){ref-type="table"}). Two peptides, H: T20-L: T19 and H: T21 = H: T21, were linked by inter-chain disulfide bonds between the heavy and light chains and between the heavy chains. Total ion chromatograms of SB2 and RP were identical, showing that all 32 cysteine residues are linked by disulfide bonds and those identical sets of disulfide-bonded peptides were derived from RP. The results of these analyses demonstrated that the primary structure and disulfide linkages of SB2 and of RP were identical. Figure 3.Peptide Maps of SB2 and RP under Non-reduced and Reduced Conditions. (A) Non-reduced (upper panels) and reduced (lower panels) peptide maps of SB2. (B) Non-reduced (upper panels) and reduced (lower panels) peptide maps of RP. Table 2.Disulfide-linked peptide map.     Experimentally Detected *m/z*RegionTypeDisulfide-Linked PeptidesNo. of Disulfide BondExpected *m/z*(Charge State)SB2RPHIntra-chainH:Cys22-H:Cys98 (H:T3-H:T12)1886.90 (4)886.90886.90H:Cys147-H:Cys203 (H:T15-H:T16)11132.00 (7)1131.991131.99H:Cys264-H:Cys324 (H:T23-H:T29)1777.04 (3)777.04777.04H:Cys370-H:Cys428 (H:T37-H:T42)1769.97 (5)769.97769.97LL:Cys23-L:Cys88 (L:T2-L:T7)11141.71 (5)1141.721141.72L:Cys134-L:Cys194 (L:T10-L:T17)1712.16 (5)712.16712.16H and LInter-chainH:Cys223-L:Cys214 (H:T20-L:T19)1757.25 (1)757.25757.25Hinge regionH:Cys229-Cys229=H:Cys232-Cys232 (H:T21 = H:T:21)2780.26 (7)780.27780.27[^2]

N- and C-terminal sequences obtained by peptide mapping showed that the N terminus of SB2 was identical to that of RP (data not shown), whereas differences were observed at the C terminus of the heavy chain. This analysis detected three C-terminal variants: the main C-terminal form, which lacked Lys (-SLSLSPG-449); a C-terminal form with α-amidation (-SLSLSPamidated-448); and a C-terminal form with Lys (-SLSLSPGK-450) (data not shown). The C-terminal form lacking Lys was the most abundant heavy chain C-terminal variant for both products. However, the proportion of the SB2 C-terminal form with Lys was much lower than that of RP, and the C-terminal form with α-amidation was only observed in SB2. These differences were considered to be mainly due to the use of CHO cells, instead of SP2/0 cells (used by the manufacturer of the RP), as host cells.[@cit0019] These results showed the correlation with the SB2 and RP charge patterns with and without treatment of carboxypeptidase B (CPB), detected by imaging capillary isoelectric focusing (icIEF) and cation exchange high-performance liquid chromatography (CEX-HPLC). The lack of impact of these differences on the purity, efficacy, and safety of SB2 is discussed below.

Additional sequence variants that resulted from post-translational modifications were identified by LC-ESI-MS/MS. The relative deamidation level of SB2 was highly similar to RP, but the relative oxidation level of residue Met~255~, which is susceptible to oxidation, was slightly higher in SB2 than in RP (data not shown). However, the difference was minor in quantity, and a SAR study based on charge variants isolation using CEX-HPLC showed that the oxidation of Met~255~ had no substantial effect on biological activity (TNF-α and FcγIIIa binding activities). Hence, the difference in Met~255~ oxidation level between SB2 and RP was not considered to be functionally significant.

Molecular weight {#s0002-0002}
----------------

The molecular weights of intact SB2 and RP were measured by LC-ESI-MS under reducing and non-reducing conditions; the same method was used to measure the molecular weights of deglycosylated SB2 and RP. The average masses of intact SB2 (148,517 ± 2 Da for 2H2L + 2G0F) and RP (148,515 ± 2 Da for 2H2L + 2G0F) were identical, considering assay variability (0.01% of theoretical mass). Under reducing conditions, the light chain masses of SB2 (23,435 Da) and RP (23,435 Da) were identical and consistent with the theoretical mass deduced from the gene sequence of infliximab. In addition, the heavy chain masses of SB2 (50,826 ± 1 Da for 1H + G0F) and RP (50,826 ± 1 Da for 1H + G0F) were identical. The masses of deglycosylated SB2 and RP under reducing and non-reducing conditions were also identical and consistent with the theoretical mass deduced from the gene sequence of infliximab (data not shown).

Higher-order structures {#s0002-0003}
-----------------------

Regulatory agencies have increasingly recommended state-of-the-art and orthogonal methodologies be used for demonstration of structural similarity between a biosimilar and its RP.[@cit0020] Accordingly, we conducted secondary and tertiary structural analysis using far- and near-UV (UV) circular dichroism (CD), intrinsic fluorescence (ITF), Fourier transform infrared spectroscopy (FTIR), and differential scanning calorimetry (DSC). While CD and FTIR can be used to reliably evaluate secondary and tertiary structures of relatively small proteins, large, complex, and heterogeneous biologics such as antibodies or Fc fusion proteins must be folded into proper 3-dimensional structures to be functional; therefore, they are too complex for their secondary structures to be analyzed by these methods. DSC has proved to be useful for characterization of thermal stability, overall conformation, and folding integrity for these more complex biologics. The results of these structural analyses showed that the two products were highly similar ([Fig. 4](#f0004){ref-type="fig"}). Figure 4.Higher-order Structures of SB2 and RP. (A) Far-UV CD spectra. (B) Near-UV CD spectra. (C) Intrinsic fluorescence. (D) DSC thermograms.

Hydrogen/deuterium exchange (HDX) and antibody conformational arrays were used for in-depth comparisons of the overall protein conformations of the two products. HDX combined with MS can characterize the solvent accessibility around a molecule\'s surface. This accessibility reflects the overall structural conformation and dynamics. HDX/MS can provide reliable comparative information that is independent of protein size. As such, HDX/MS is considered one of the most sensitive and informative methods to evaluate similarity in higher order structure.[@cit0021] Amide hydrogens of the protein backbone exchange for deuterium during the incubation in D~2~O, and the exchange rate is determined at the peptide level on the local structure. After the exchange reaction is quenched, the protein is digested and the resulting peptides are separated and analyzed by LC-ESI-MS. Every time a deuterium replaces hydrogen on the peptide backbone, the mass of this peptide increases by 1 Da.

Butterfly plots of the HDX analysis showed almost perfect symmetry in the dynamics of deuterium uptake between SB2 and RP ([Fig. 5A](#f0005){ref-type="fig"} for heavy chain and [Fig. 5B](#f0005){ref-type="fig"} for light chain). This result demonstrates that SB2 and RP have highly similar solvent accessibility over the incubation times from 0 to 240 minutes. Kinetic curves can be used to show the individual uptake rates of representative peptides from SB2 and RP ([Fig. 5C](#f0005){ref-type="fig"} for the heavy chain and [Fig. 5D](#f0005){ref-type="fig"} for the light chain). An analysis of 147 peptides representing coverage of 90.9% of the SB2 heavy chain sequence, including the sequences of multiple glycosylated peptides, and 69 peptides representing coverage of 98.6% of the SB2 light chain sequence yielded kinetic curves overlapping those of RP, a selection of which are presented in [Fig. 5C](#f0005){ref-type="fig"} for the heavy chain and [Fig. 5D](#f0005){ref-type="fig"} for the light chain. The differences between the products were not more than 1 Da across the entire sequence representing the heavy and light chain. These findings showed that the Fab and Fc conformations of SB2 are highly similar to those of RP. These results are closely related to those of the Fab and Fc biological assays. Figure 5.HDX Plots of SB2 and RP. (A) Butterfly plot for the heavy chain. (B) Butterfly plot for the light chain. (C) Plot for each representative peptide.

Antibody conformational arrays can also reveal reliable comparative information about protein conformation.[@cit0022] The results of the conformational antibody array are shown in [Fig. 6](#f0006){ref-type="fig"} as a histogram, according to the extent of epitope exposure in the variable region. A total of 34 antibodies were used to detect regional changes in the 3-dimensional structure; 12 antibodies for Fab region and 22 antibodies for Fc regions. The results showed that the extent of epitope exposure of SB2 and RP was similar in the conformation of Fab region within the variability of the assay ([Fig. 6](#f0006){ref-type="fig"}) as well as Fc region. In addition, the calculated optical density difference (OD~d~) for SB2 was less than 50%; this difference suggests that there is a less than 0.1% difference in epitope exposure between SB2 and RP.[@cit0022] These results confirmed the HDX/MS result that indicated the conformation of SB2 was similar to that of RP. Figure 6.Antibody Conformational Array Results of SB2 and RP (Variable Region).

Aggregation {#s0002-0004}
-----------

In biologic products, aggregation, along with the size heterogeneity of aggregates, are known to enhance immunogenicity and affect efficacy.[@cit0023] However, there are limitations in the ability of analytical technologies to detect aggregation of biotherapeutic proteins such as antibodies because of their large size and structural complexity.[@cit0025] In accordance, comprehensive comparability exercises were conducted with state-of-the-art and orthogonal analytical technologies of sedimentation velocity analytical ultracentrifugation (SV-AUC), size exclusion chromatography coupled to multi-angle laser light scattering (SEC/MALLS), dynamic light scattering, and size-exclusion chromatography coupled to UV detector (SEC/UV). The relative content of high-molecular-weight aggregates (%HMW) identified by the SEC/UV method was slightly higher for SB2 than for RP ([Fig. 7A](#f0007){ref-type="fig"}). However, the difference in %HMW was considered to be at trace levels when it was compared with the relative content of monomer (%monomer), which was more than 99% for both products. In addition, aggregate heterogeneity analyzed by SEC/MALLS was shown to be comparable between SB2 and RP. The calculated mass of the SB2 HMW peak was 332800 ± 85400 Da and RP HMW peak was 334800 ± 97880 Da. Both values correspond to the dimeric form (data not shown). Figure 7.Size Exclusion Chromatographic Profiles and Sedimentation Coefficient Profiles of SB2 and RP. (A) Size exclusion chromatograms of SB2 and RP. (B) Sedimentation coefficient distribution plot.

In addition, SV-AUC was employed as a powerful orthogonal method to SEC/UV because the samples are not exposed to extraneous conditions such as solid or mobile phases.[@cit0025] SV-AUC results showed that the size distribution of SB2 and RP was similar; namely the monomer, reversible dimer, and irreversible aggregates ([Fig. 7B](#f0007){ref-type="fig"}). Thus, similarity in the relative content of monomer, reversible dimer, and irreversible aggregates was apparent ([Table 3](#t0003){ref-type="table"}). SV-AUC was also used to compare physical characteristics between homologous, soluble macromolecules by measuring the coefficient of sedimentation (Sm), which takes into account shapes and sizes. The respective Sm values of the monomer and reversible dimer were also comparable between SB2 and RP ([Table 3](#t0003){ref-type="table"}). Table 3.SV-AUC results for SB2 and RP. Sedimentation Coefficient, S[^a^](#t3fn0001){ref-type="fn"}Fractions of Total, %SampleWeight-AveragedMonomerReversible dimerLMWMonomerReversible dimerIrreversible aggregatesSB2 DP Lot \#14.0993.6964.4530.743570.0SB2 DP Lot \#24.0203.6724.3820.043561.3RP(EU)3.9903.6404.3500.039591.9RP(US)4.0253.6694.4000.941570.8[^3]

Fragmentation {#s0002-0005}
-------------

Like aggregation, fragmentation is an important quality attribute related to safety and potency. SEC resulted in poor resolution between the monomer and low-molecular-weight (LMW) fragments; therefore, this method did not provide accurate quantitation of LMW impurities. Instead, capillary electrophoresis-sodium dodecyl sulfate analysis (CE-SDS) was used to evaluate purity and LMW impurities in SB2 and RP. The results showed that the electrophoretic profiles of SB2 and RP were similar ([Fig. 8](#f0008){ref-type="fig"}), and the purity and the levels of LMW impurities in SB2 were similar to those of RP (data not shown). Therefore, SB2 and RP are considered similar in terms of fragmentation. Figure 8.Non-reduced CE-SDS electropherograms of SB2 and RP.

Glycosylation {#s0002-0006}
-------------

Glycosylation is a significant determinant of protein function, efficacy, clearance, and immunogenicity.[@cit0026] Infliximab is glycosylated with N-glycosylation structures linked to Asn~300~ in the Fc region ([Fig. 1](#f0001){ref-type="fig"}). It has been reported that glycosylation of the Fc region is heterogeneous because of the presence of different terminal sugars, which may influence the binding of immunoglobulin G (IgG) to Fc receptors and C1q, and thus may affect Fc effector functions by changing the protein structure.[@cit0027] To elucidate the carbohydrate structure of SB2 and RP, we implemented state-of-the-art methods such as LC-ESI-MS/MS analysis alone (for the identification of N-glycosylation sites) and in combination with procainamide labeling (for the identification for N-glycan species), and 2-aminobenzamide (2-AB) labeling and hydrophilic interaction ultra-performance liquid chromatography (HILIC-UPLC) analysis (for characterization of the glycosylation profile).

LC-ESI-MS/MS analysis results showed that the N-glycosylation sites of SB2 and RP were identical and consistent with the theoretical site, Asn~300~, in the Fc region (data not shown). The N-glycan identification results analyzed by procainamide labeling and LC-ESI-MS/MS, and 2-AB labeling and HILIC-UPLC showed that the predominant forms were fucosylated bi-antennary structures containing 0, 1, or 2 terminal galactose residues (i.e., G0F, G1F, and G2F) and an afucosylated bi-antennary structure with no terminal galactose (i.e., G0) in SB2 and RP. Most of the glycan species identified by LC-ESI-MS/MS were detected in 2-AB labeling and HILIC-UPLC analysis ([Fig. 9A](#f0009){ref-type="fig"}). However, a minor difference was observed in the N-glycan species between SB2 and RP. N-acetylneuraminic acid (NANA) was observed specifically in SB2, whereas N-glycolylneuraminic acid (NGNA) and galactose-α-1,3 galactose (α-Gal) were observed in RP only. This difference could be attributed to different production cell lines; SB2 was manufactured using CHO cell lines instead of the murine cell lines (SP2/0) used for the production of Remicade®. It is well known that the major glycoforms of recombinant mAbs expressed in CHO, murine NS0, and murine SP2/0 cell lines are G0F, G1F, and G2F, but the major differences between CHO cell lines and the two murine cell lines are the presence of terminal N-glycolylneuraminic acid (NGNA) and galactose-α-1,3-galactose (α-Gal) in recombinant mAbs expressed using murine cell lines.[@cit0029] Figure 9.Glycosylation Profile of SB2 and RP. (A) Glycosylation profile. (B) %Total Afucosylated glycan. (C) %Galactosylated glycan. (D) %Charged glycan. (Red dot line: similarity range).

Although it is well known that NGNA and α-Gal glycoforms are glycans that are not found in humans and therefore may elicit an unwanted immune response,[@cit0030] NGNA and α-Gal represented minor isoforms in terms of quantity in RP, which did not affect the clinical outcomes. Additionally, new glycan species (e.g., NANA) were observed in SB2, but these glycan species are known to be common in humans and in CHO cells,[@cit0031] and they were also so low in quantity as not to be detected by 2-AB labeling and HILIC-UPLC analysis (only detected by procainamide labeling and LC-ESI-MS/MS analysis). Therefore, some minor differences in glycan species were not considered to affect the immunogenicity profile of SB2 and RP.

We conducted 2-AB labeling and HILIC-UPLC analysis to evaluate the similarity between SB2 and RP in both the N-glycan profile and its quantity. We quantified N-glycan species that were categorized as afucosylated glycans and mannosyl-chitobiose core without [l]{.smallcaps}-fucose (Total Afucose), neutral galactosylated glycans (Gal), and sialylated glycans (Charged) according to the terminal sugar, which may affect Fc effector functions, respectively. It is well known that not only afucosylated glycans but also high mannose glycans can affect FcγRIIIa binding and ADCC activities;[@cit0026] therefore, it was not surprising that regression analysis showed that total afucosylated glycans in SB2 and RP was strongly correlated with FcγRIIIa binding and ADCC activity.

The 2-AB labeling and HILIC-UPLC analysis found that the total Afucose content of SB2 was highly similar to RP ([Fig. 9B](#f0009){ref-type="fig"}). These findings are consistent with the FcγRIIIa binding and ADCC results ([Fig. 14A](#f0014){ref-type="fig"} and [Fig. 14B](#f0014){ref-type="fig"}). The Gal content of SB2 was also highly similar ([Fig. 9C](#f0009){ref-type="fig"}), but the charged content was slightly lower than that of RP ([Fig. 9D](#f0009){ref-type="fig"}). Antibodies with terminal sialic acids in Fc-glycosylation may cause a negative impact on ADCC, because of either reduced FcγRIIIa binding on natural killer cells.[@cit0032] Furthermore, Fc sialylation with α2,6-linked sialic acid residues has been suggested to enable IgG to bind the C-type lectin DC-SIGN, thereby engaging a complex, FcγRIIB-mediated anti-inflammatory mechanism potentially implicated in human intravenous immunoglobulin.[@cit0033] Accordingly, the SAR study and comparative assays using SB2 and RP were performed to rule out the uncertainty associated with the marginal difference of charged glycans on the products that could have an effect on the efficacy and safety of infliximab. The SAR study results showed that there was no significant difference in FcRn binding, FcγRIIIa binding, and ADCC activities between sialylated and non-sialylated forms of both SB2 and RP, which were prepared by sialidase treatment. Hence, the slightly lower charged glycan content of SB2 is not considered to have a meaningful impact on efficacy of infliximab, based on SAR study results as well as similar FcγR binding activities including FcγRIIB-binding activity.

Charge heterogeneities {#s0002-0007}
----------------------

Charge heterogeneities may result from multiple causes such as deamidation, oxidation, and variations in C-terminal Lys, formation of N-terminal pyroglutamate, aggregation, isomerization, charged (sialylated) glycans, antibody fragmentation, glycation at Lys residues, and succinimide formation.[@cit0034] Charge profiles of SB2 and RP were assessed by CEX-HPLC analysis with CPB treatment and the results indicated that SB2 and the RP were similar ([Fig. 10](#f0010){ref-type="fig"} and [Fig. 11](#f0011){ref-type="fig"}), whereas icIEF and CEX-HPLC analysis results without CPB treatment showed that basic variants of RP were much higher than that of SB2 ([Fig. 11](#f0011){ref-type="fig"}). To justify the different levels of basic variants between SB2 and the RP, and to gain further insights into the effect of charge variants on biological activity, we conducted a SAR study using SB2 and the RP. Figure 10.Charge Profiles of SB2 and RP by icIEF Analysis with CPB treatment. Comparison of SB2 (blue line) and RP (black line) for carboxypeptidase B-treated imaging capillary isoelectric focusing profiles. *pI* isoelectric point. Figure 11.Charge Profiles of SB2 and RP by CEX-HPLC Analysis with CPB treatment (*left-handed*) and without CPB treatment (*right-handed*).

Major charge variants of SB2 and the RP were resolved and fractionated by CEX-HPLC ([Fig. 12A](#f0012){ref-type="fig"}), and each fractionated peak was analyzed by CEX-HPLC, peptide mapping by LC-ESI-MS/MS, biological assays such as TNF-α binding assays and FcγRIIIa binding assays. Peptide mapping results showed that the observed difference in the acidic species of SB2 and RP was due to the presence of N-glycans rather than sialic acid (i.e., NGNA) at Asn~300~ in RP, and these results were consistent with the glycosylation results. The difference in the basic species of SB2 and the RP was mostly due to the unprocessed Lys residue and α-amidation at the C-terminus of the heavy chain ([Fig. 12A](#f0012){ref-type="fig"}). In samples not treated with CPB, unprocessed Lys variants were observed abundantly in RP and the α-amidation of the heavy chain at the C-terminal proline site was detected in SB2. Bioassays (TNF-α binding and FcγRIIIa binding activities) were performed with each peak fractions, respectively, to gain further insights into the effect on the biological activity of infliximab. The results showed that there were no significant differences in TNF-α binding and FcγRIIIa binding activities between SB2 and RP ([Fig. 12B](#f0012){ref-type="fig"} and [Fig. 12C](#f0012){ref-type="fig"}). These findings showed that the difference in basic variants between SB2 and RP was not considered to affect the biological activities of infliximab. Figure 12.Structure and Activity Relationship Study Results on Charge Variants. (A) Modification identified at each CEX-HPLC fractionated peak of SB2 and RP without Carboxypeptidase B Treatment (B) TNF-α binding activity per fractionated peak (C) FcγIIIa binding activity per fractionated peak (NGNA; N-glycolylneuraminic acid, +Lys; containing C-terminal one Lys residue, Deamidation (Asn~57~); deamidation at Asn~57~ in heavy chain, α-amidation.; α-amidation at proline carboxyl residue; pyro-E; pyroglutamic acid in N-terminus of heavy chain).

In an analysis of the difference in basic variants, Johnson et al.[@cit0035] confirmed that α-amidation was common in recombinant monoclonal antibodies with a consensus sequence of -PGK at the C-terminus, and this modification had no effect on the antigen binding and Fc effector functions of the antibody. In addition, as α-amidation has been commonly observed in biologically active peptides including peptide hormones and neurotransmitters in human, it is not considered an unnatural modification to the human immune system.[@cit0036] One common modification of therapeutic antibodies is the processing of C-terminal Lys (i.e., zero, one, or two C-terminal Lys residues) during the cell culture, yet this residue is generally absent from IgG found in serum due to clipping of the Lys residue.[@cit0034] Removal of C-terminal Lys has no effect on structure, thermal stability, antigen binding and potency, and FcRn binding and pharmacokinetics (PK) in rats.[@cit0034]

Therefore, these modifications were not considered to affect the efficacy and safety of infliximab.

Fab-related biological activities {#s0002-0008}
---------------------------------

The main MOA of infliximab is the inhibition of TNF activity. Infliximab reduces inflammation by binding to TNF-α, thus preventing it from binding to TNF receptors on the cell surface and inhibiting TNF receptor-mediated cell signaling.[@cit0012] TNF-α is known to exert unique biologic functions because it is a bipolar molecule that transmits signals both as a ligand and a receptor.[@cit0037] Based on this MOA, four biological assays were employed to evaluate the Fab-related biological quality of SB2: two TNF-α binding assays (one for soluble TNF-α \[sTNF-α\] and another for transmembrane TNF-α \[tmTNF-α\]), a TNF-α neutralization assay, and an apoptosis assay.

The relative sTNF-α binding activity of SB2 was similar to that of EU- and US-sourced RP. Mean percent relative binding activities were 97% for SB2, 99% for the EU-sourced RP, and 98% for the US-sourced RP. In addition, sTNF-α binding activity of all SB2 batches were similar to RP ([Fig. 13A](#f0013){ref-type="fig"}). Evaluation of the potency of SB2 by the TNF-α neutralization assay using the luciferase reporter gene showed the mean percent relative potencies were 96% for SB2, 100% for EU-sourced RP, and 101% for US-sourced RP. All SB2 batches were also similar to RP ([Fig. 13B](#f0013){ref-type="fig"}). In case of reverse signaling, there was no statistically significant difference between the tmTNF-α binding activity of SB2 and that of EU-sourced and US-sourced RP ([Fig. 13C](#f0013){ref-type="fig"}). SB2 also exhibited apoptosis activity similar to that of the EU-sourced and US-sourced RP in a Jurkat-mTNF-α cell system ([Fig. 13D](#f0013){ref-type="fig"}). Figure 13.Comparison of the Fab-related Biological Activities of SB2 and RP. (A) TNF-α binding activity. (B) TNF-α neutralization activity. (C) tmTNF-a binding affinity. (D) Apoptosis activity. Side-by-side comparison was made for tmTNF-α binding affinity. (Legend: (a) confidence interval of mean difference between SB2 and US Remicade®. (b) confidence interval of mean difference between SB2 and EU Remicade®. (c) confidence interval of mean difference between US and EU Remicade®. Red dot line: similarity range).

Fc-related biological activities {#s0002-0009}
--------------------------------

The Fc region of infliximab binds to two distinct classes of Fc receptors: a family of Fcγ receptors (FcγR) found primarily on leukocytes and a family of neonatal Fc receptors (FcRn) for IgG expressed primarily on endothelial cells.[@cit0042] FcγRs contribute to immune response modulation by activation or inhibition of cellular signal transduction related to inflammatory reactions or stimulation of immune effector cells. Among several FcγRs, FcγRIIIa is involved in ADCC. FcRn plays an important role in determining the half-life of serum IgG. In addition to FcγRIIIa and FcRn, other components of the immune system such as complement also interact with the Fc portion of infliximab. Complement C1q binds to antigen-antibody immune complexes via the Fc region and mediates CDC.

FcγRIIIa binding affinity was evaluated by surface plasmon resonance (SPR). Mean FcγRIIIa binding affinities of SB2, EU-sourced RP, and US-sourced RP were 1.29 × 10^−6^ M, 1.14 × 10^−6^ M, and 1.17 × 10^−6^ M, respectively. Binding affinities of all SB2 batches were within the predetermined similarity range ([Fig. 14A](#f0014){ref-type="fig"}). ADCC activity, which is closely related to FcγRIIIa, was measured by using peripheral blood mononuclear cells (PBMCs) as effector cells. Mean percent relative ADCC activities of SB2, EU-sourced RP, and US-sourced RP were 122%, 118%, and 127%, respectively, against a reference standard, ([Fig. 14B](#f0014){ref-type="fig"}). SB2 also showed FcRn binding activity, which could affect PK profile, within the predetermined similarity range ([Fig. 14C](#f0014){ref-type="fig"}). C1q binding activity and CDC activity of SB2 were similar to those of RP ([Fig. 14D](#f0014){ref-type="fig"}, [Fig. 14E](#f0014){ref-type="fig"}). Binding activities to other FcγRs such as FcγRIa, FcγRIIa, FcγRIIb, and FcγRIIIb, were also similar. Figure 14.Comparison of the Fc-related Biological Activities of SB2 and RP. (A) FcγRIIIa binding affinity by SPR. (B) ADCC using healthy donor PBMCs. (C) FcRn binding activity by AlphaScreen®. (D) C1q binding acitivty by ELISA. (E) CDC activity. Side-by-side comparison was made for FcγRIIIa binding affinity and ADCC activity using healthy donor PBMCs. (Red dot line: similarity range).

Discussion {#s0003}
==========

EMA and US FDA guidelines for demonstrating the comparability of a biosimilar to a RP require more sophisticated methods and comprehensive characterizations than those used to assess batch-to-batch comparability of a biologic product that has undergone a manufacturing change.[@cit0014] Therefore, we evaluated more than 80 lots of RP to establish similarity ranges for use in monitoring quality shifts over time and for comparability exercises between SB2 and RP. In total, more than 120 lots of RP from different market sources (e.g., EU, US, Canada, Australia, Japan, Switzerland, and Korea) with different expiry dates were purchased and tested in parallel with the establishment of biosimilarity. We used more than 60 state-of-the-art methods to analyze structural, physicochemical, and biological characteristics, and a subset of the results are summarized in [Table 1](#t0001){ref-type="table"}.

Similarity ranges and side-by-side comparative approaches were used to demonstrate the analytical similarity of SB2 to RP in accordance with the regulatory requirements. Overall, physicochemical and biological characteristics of SB2 and RP were determined to be similar, but there were a few differences observed in physicochemical attributes between SB2 and the RP, which could be attributed to the difference in expression system; SB2 was manufactured using CHO cell lines, while Remicade® was manufactured using murine cell lines (SP2/0). As mentioned above, the supportive evidence from the literature and the results of SAR studies demonstrated that they were unlikely to affect the efficacy and safety of infliximab.

Although recombinant antibodies are generally considered to be well tolerated and non-toxic, repeated administration may induce immunogenicity. In accordance, a slight difference observed in physicochemical attributes was thoroughly evaluated to predict their lack of impact on the immunogenicity of SB2.

Charge variants or glycosylation profile may directly or indirectly influence protein immunogenicity by inducing conformational changes that lead to new epitopes or the shielding of immunogenic epitopes.[@cit0043] To further evaluate the conformational similarity between SB2 and RP, an antibody conformational assay (enzyme-linked immunosorbent assay \[ELISA\]) was performed with SB2 and the RP in a side-by-side manner, together with HDX/MS analysis. The results suggested that new epitope exposure was not observed in either SB2 or the RP ([Fig. 5](#f0005){ref-type="fig"} and [Fig. 6](#f0006){ref-type="fig"}). Therefore, the differences in charged glycans and charge variants between SB2 and RP were unlikely to affect the immunogenicity of SB2. According to the SEC analysis, the relative content of HMW species in SB2 was slightly greater than that in the RP, the heterogeneity of HMW aggregates analyzed by SEC/MALLS and SV-AUC were comparable between SB2 and RP, and the relative amount of HMW species was very low (less than 1%). Therefore, we believe that they are not likely to have an effect on SB2 immunogenicity, which was supported by the clinical outcome.

In addition, for further investigation on the correlation between the level of HMW aggregate and immunogenicity, we researched any potential association from the scientific literature and the public results for Remsima™, an infliximab biosimilar that is marketed in Europe and other regions. The relationship between the relative content of HMW species detected by the in-house SEC method and the incidence of anti-drug antibodies (ADAs) reported from clinical trials of Remsima™[@cit0004] was evaluated. From analyses using the SEC method, HMW level of the infliximab biosimilar was higher than that of RP. However, in the clinical trials of the infliximab biosimilar, the ADA incidence was comparable to that of the RP.[@cit0004] In summary, the predictions based on quality findings were confirmed by clinical results demonstrating that the observed differences in HMW aggregates do not affect immunogenicity. In addition, there was no scientific evidence to support a causative association between such differences in HMW aggregates and ADA development in infliximab.

The results described herein are only part of the totality of evidence concerning the overall biosimilarity in terms of quality, efficacy, and safety, and these analytical similarity assessment results supported the conclusion that SB2 and RP are similar in terms of clinical efficacy and safety.

Materials and methods {#s0004}
=====================

More than 80 lots of Remicade® (100 mg per vial; Johnson & Johnson), sourced from the EU and the US, were purchased and analyzed to establish the similarity ranges for CQAs and for a subgroup of non-CQAs throughout the development of SB2. Multiple lots of SB2 drug product and drug substance were also used. The similarity ranges for various quality attributes can be determined by appropriate statistical approaches. For this study, we used a two-tiered statistical tolerance approach (mean ± kSD) and available data points to determine similarity ranges. Such an analysis yields a tolerance interval (with a k factor) that is within a specified confidence level and is guaranteed to have a particular proportion of the population. This tolerance interval is considered to be a probability interval. The analytical similarity assessment consists of general methods and a comprehensive battery of physicochemical and biological assays to address functionally important attributes. More than 60 structural, physicochemical, and biological assays were employed to analyze similarity between SB2 and the RP. A subset of the results is summarized in [Table 1](#t0001){ref-type="table"}.

Peptide mapping {#s0004-0001}
---------------

The method of peptide mapping has been previously described.[@cit0010] Each sample (200 µg) was mixed with 2 µL of 1 M dithiothreitol and diluted with 8 M urea to achieve a final volume of 200 µL. After 30 minutes of incubation at room temperature, 4 μL of 1 M iodoacetamide were added, and each sample was incubated for 15 minutes at room temperature in the dark. Samples were then loaded onto a 10K molecular weight cut-off spin column. After three rounds of centrifugation, the buffer was replaced with 300 µL of 50 mM Tris-HCl, pH 7.8, and the samples were digested initially with Lys-C (Roche, 11047825001) or trypsin (Roche, 11047841001) at 37°C for 16 hours.

After digestion with trypsin, the peptides underwent reverse-phase ultra-performance liquid chromatography (UPLC) MS using a BEH300 C18 column (Waters, 186003687/ 1.7 µm, 2.1 mm × 150 mm) at 60°C. Elution of peptides was achieved by a linear gradient of 0--35% of mobile phase B (mobile phase A, 0.1% formic acid in water; mobile phase B, 0.1% formic acid in acetonitrile) at a flow rate of 0.3 mL/min for 100 minutes, and the peptides were analyzed by the Synapt-G2 system. Data were collected and processed by MassLynx (Waters) v4.1.

Disulfide linkage mapping {#s0004-0002}
-------------------------

The disulfide bonds of SB2 and RP were analyzed by LC-ESI-MS/MS. Samples were denatured with 8 M urea and digested with trypsin. After enzymatic digestion, peptides were analyzed chromatographically with MS detection. Disulfide-linked peptide peaks were detected under non-reducing conditions, and those peaks containing cysteine residues were detected after treatment with dithiothreitol for reduction of disulfide bonds. The mass of each disulfide-linked peptide was analyzed and manually assigned.

Molecular weight analysis {#s0004-0003}
-------------------------

The molecular weights of intact and deglycosylated SB2 and RP were determined by UPLC coupled to electrospray ionization mass spectrometry under non-reducing and reducing conditions, respectively. Ten micrograms of each sample was injected and data in the m/z range of 700--3000 amu were acquired. MassLynx software was used to deconvolute the MS spectra to produce molecular mass data. This software processes data on the basis of the maximum entropy algorithm.

Circular dichroism {#s0004-0004}
------------------

As an analytical method that measures the difference in left- and right-handed circularly polarized light, CD is divided into far-UV spectrum (190--250 nm) and near-UV spectrum (250--350 nm). Far-UV radiation is used to measure the secondary structure of proteins, whereas near-UV radiation is used to measure the tertiary structure of proteins.[@cit0045]

All samples were dialyzed in a solution of 10 mM NaPO~4~, 200 mM NaCl, pH 6.8, and 0.01% polysorbate 80. CD measurements were obtained with an AVIV 62 DS spectrophotometer with cells having a 0.5-cm path length for near-UV radiation and cells having a 0.1-cm path length for far-UV radiation.

Intrinsic fluorescence analysis {#s0004-0005}
-------------------------------

ITF is an indirect method in which the shift in ITF intensities before and after denaturation are evaluated to determine the three-dimensional structure of a protein.[@cit0046]

Samples were dialyzed in a solution of 6.1 mM NaPO~4~, pH 7.2, 5% sucrose, and 0.05% polysorbate-80. For ITF assays under native conditions, the dialyzed samples were diluted with the same buffer to a concentration of 0.12 mg/mL and incubated at 4°C overnight before the spectra were obtained. For assays in denaturing conditions, the samples were diluted to a concentration of 0.12 mg/mL in a denaturing buffer (5 mM NaPO~4~, 5% sucrose, 0.01% polysorbate-80, 8 M guanidine HCl, pH 7.2) and incubated at 4°C overnight before the spectra were obtained.

Differential scanning calorimetry {#s0004-0006}
---------------------------------

The method of DSC has been described previously.[@cit0010] Melting temperature T~M~ of samples was analyzed by using a Thermal A MicroCal VP-Capillary (GE Healthcare). The sample and the corresponding buffer were heated at a rate of 60°C/h over a range of 10°C to 95°C, and the μ-DSC cell was pressurized to prevent boiling during heating. Prior to the run, samples were diluted to approximately 1.0 mg/mL in the placebo buffer. Baseline values were established by filling reference and sample cells with water and scanning them twice from 10°C to 95°C (heating rate of 60°C/h). Next, the sample was analyzed: the reference cell was filled with formulation buffer and the sample cell was filled with the formulation blank as well in order to subtract baseline values from each sample measurement. Thermal data were normalized on the basis of protein concentration. The Tm of the protein was determined from the heating scan data, which were analyzed by Origin 7.0 DSC software.

Hydrogen/deuterium exchange {#s0004-0007}
---------------------------

The method of HDX, which has been previously described,[@cit0010] was adapted to compare higher order structures. Samples were dialyzed in 25 mM Na~3~PO~4~ and 100 mM NaCl, pH 6.3, and brought to a concentration of 2.5 mg/mL. The exchange was initiated by a 1:10 dilution of sample in D~2~O at intervals of 10 seconds, 1 minute, 10 minutes, 1 hour, and 4 hours before quenching and injection onto the HDX sample manager (Waters). Peptides were digested on an immobilized pepsin column, and the fragments were eluted with a gradient of 5% to 95% acetonitrile over 15 minutes. Mass spectra were collected in MS^E^ mode, and peptide identification was accomplished by the ProteinLynx Global Server™ (PLGS, Waters). DynamX software (Waters) was used to calculate deuterium uptake and to generate butterfly and difference plots.

Antibody conformational array {#s0004-0008}
-----------------------------

All antibodies and ELISA kits used in this study were commercial kits manufactured by Array Bridge Inc. (St. Louis, Missouri). For the sandwich ELISA, antibodies against each peptide covering the entire region of infliximab were coated on 96-well plates. In each column of the coated plates, SB2 and EU-sourced RP were incubated in triplicate. A biotin-labeled rabbit anti-human IgG antibody was used to detect the infliximab-anti-peptide antibody complex, and streptavidin-HRP was used to detect the complex formed by the three components (i.e., anti-human IgG-- infliximab-anti-peptide antibody). The average of triplicate readings was used to calculate the difference. ΔOD is equal to the difference between the mean OD value of the testing sample and the mean OD value of the reference material (OD~TS~ -- OD~RM~), and the OD~d~ is calculated by dividing ΔOD by the mean OD of the reference material (OD~d~ = ΔOD/OD~RM~).[@cit0043]

Size exclusion chromatography {#s0004-0009}
-----------------------------

HMW species of the proteins were measured by using a TSK G3000SWXL column (Tosoh, 008541, 5 μm / 7.8 mm × 300 mm) at a flow rate of 1.0 mL/min with a mobile phase of 100 mM sodium phosphate and 500 mM [l]{.smallcaps}-arginine monohydrochloride, pH 6.8. Samples were injected and UV detection was performed at 280 nm. Data were acquired and processed by Empower™ 3 (Waters) software. Results are presented as the relative monomer content and HMW content.

Sedimentation velocity-analytical ultracentrifugation {#s0004-0010}
-----------------------------------------------------

As an orthogonal method to SEC, SV-AUC was conducted to evaluate the comparability of protein aggregation profiles between samples, which were in 6.1 mM Na~3~PO~4~; 5% sucrose; and 0.05% polysorbate-80, pH 7.2. Samples were analyzed by the Beckman XLA-70 analytical ultracentrifuge system with the acquisition parameters of 120,000 g, a temperature of 5°C, and UV wavelength detection at 280 nm. Two separate scans of each sample were performed. The SEDFIT parameters were used to process sample data.

Capillary electrophoresis-sodium dodecyl sulfate {#s0004-0011}
------------------------------------------------

Our method of CE-SDS has been described previously.[@cit0010] CE-SDS analyses (reducing and non-reducing) were conducted with a high-performance capillary electrophoresis system (PA 800 plus Pharmaceutical Analysis System; Beckman). For the reducing condition, 400 µg of sample was mixed with 2 µL of a 10-kDa internal standard, 87 µL of SDS-MW sample buffer (Beckman Coulter, A10663), and 5 µL of 2-mercaptoethanol and heated at 70°C for 10 minutes. For the non-reducing condition, iodoacetamide replaced 2-mercaptoethanol, and the sample was electrokinetically introduced onto a capillary (Beckman Coulter, bare fused-silica capillary, 50 µm/30.2 cm) and was separated in the capillary cartridge. Electrophoresis was performed at a constant voltage (applied field strength, -497 V), and progress was monitored by UV detection (wavelength, 220 nm) through the capillary window and aperture (Beckman Coulter, 144712, 100 × 200 µm). Acquired data were processed by 32 Karat software with integration capabilities.

Imaged capillary isoelectric focusing {#s0004-0012}
-------------------------------------

Charge heterogeneities were measured by icIEF and CEX. A total of 100 µg of sample was treated with CPB for 2 hours to remove the unprocessed Lys residue at the C terminus of the heavy chain. Each 60 µg of CPB-treated sample was mixed with 8 µL of Pharmalyte 3--10, 70 µL of 1% methyl cellulose, 25 µL of 8 M urea, 83.5 µL of distilled water, 1 µL of pI 6.61 marker, and 0.5 µL of pI 8.70 marker. A sample of 160 µL of the total mixture was loaded onto an ICE3 icIEF instrument by using a capillary cartridge at 4°C. The anolyte and catholyte were 0.08 M H~3~PO~4~ and 0.1 M NaOH, respectively.

Cation exchange chromatography {#s0004-0013}
------------------------------

CEX analysis was used as an orthogonal method to icIEF for the assessment of charge variants. CEX analysis was performed with a MAbPac SCX-10 (ThermoScientific, 4.0 mm × 250 mm) connected to a Waters HPLC/UV system. A 20 µg sample was digested by CPB and then injected. UV detection was performed at a wavelength of 280 nm. Results were reported as relative percent charge variants (e.g., % of acidic variants, % of main peak, and % of basic variants).

Glycosylation profile by 2-AB labeling and HILIC-UPLC analysis {#s0004-0014}
--------------------------------------------------------------

For quantitative determinations, 100 μg of sample was denatured in sodium dodecyl sulfate and dithiothreitol, and treated with PNGase F for about 18 hours to release N-glycans. They were precipitated in cold ethanol, and the precipitate was dried. The precipitated N-glycans were then labeled with 2-AB for 3 hours. Samples were injected onto a UPLC BEH glycan column (2.1 mm × 150 mm, 1.7 μm). The labeled N-glycans were separated at a flow rate of 0.5 mL/min with mobile phase A (50 mM ammonium formate) and mobile phase B (100% acetonitrile). The signal was detected by a fluorescence detector at an excitation wavelength of 330 nm and an emission wavelength of 420 nm.

TNF-α binding assay {#s0004-0015}
-------------------

TNF-α binding activity of SB2 was measured by a competitive inhibition binding assay using time-resolved fluorescence resonance energy transfer (TR-FRET). In this assay, Europium chelate-labeled infliximab competes with unlabeled sample for binding to Cy5-labeled TNF-α. Fixed concentrations and volumes of Europium chelate-labeled material and Cy5-labeled material were added to the assay plate containing the sample. The plate was incubated for 1 hour at ambient temperature with moderate agitation. The fluorescence signal, which is inversely proportional to TNF-α binding activity, was measured at a wavelength of 665 nm on a microplate reader (Envision® multilabel reader, PerkinElmer).

TNF-α neutralization assay {#s0004-0016}
--------------------------

The inhibitory activity of SB2 on the TNF-α signaling pathway was measured by a TNF-α neutralization assay that uses a luciferase reporter gene cell line that contains an NF-κB binding sequence upstream of the luciferase reporter gene. The binding of TNF-α to the cell surface TNF receptor leads to a signal cascade activating NF-κB, which then activates expression of the luciferase reporter gene. By measuring luciferase activity, the inhibitory effect of infliximab can be assessed. TNF-α was mixed with each sample, and they were incubated at room temperature for 20 to 40 minutes in a 96-well assay plate. After incubation, cells were transferred to wells in the assay plate and incubated for 24 hours. Luciferase activity was measured by using Steady-Glo® Luciferase Assay System (Promega).

Apoptosis assay {#s0004-0017}
---------------

The effect of SB2 on apoptosis activity was determined by measuring caspase activity in Jurkat cells that expressed membrane TNF-α. Jurkat-mTNF-α cells were incubated with SB2 for 24 hours at 37°C in an atmosphere of 5% CO~2~. After incubation, Caspase-Glo® was added and the luminescence signal was induced by cleavage of the pro-luminogenic peptide substrate. The luminescence signal, which was proportional to apoptosis activity, was measured by a luminometer.

tmTNF-α binding assay {#s0004-0018}
---------------------

The tmTNF-α binding activity of SB2 was determined by flow cytometry. Jurkat-mTNF-α cells were incubated with sample to which PE-labeled secondary antibody was added. Fluorescence-activated cell sorting was used to measure fluorescence intensity, which indicated the binding activity of SB2 to TNF-α on the surface of Jurkat-mTNF-α cells.

FcRn binding assay {#s0004-0019}
------------------

FcRn binding activity was evaluated in an amplified luminescence proximity homogeneous assay (AlphaScreen®, PerkinElmer). Two signaling beads were used: hydrogel-coated donor beads and acceptor beads that provided functional groups for conjugation to biomolecules. The donor beads were coated with streptavidin, whereas the acceptor beads were coated with a human IgG1 antibody. FcRn-Fc was tagged with biotin. All three components were mixed with sample in an assay plate, and the plate was incubated at ambient temperature with mild agitation. Luminescence signals were measured by a microplate reader. Laser excitation (wavelength, 680 nm) of a photosensitizer present on the donor bead results in the conversion of ambient oxygen to a more excited singlet state. The singlet-state oxygen molecules diffuse to react with a thioxene derivative on the acceptor bead, which results in generation of chemiluminescence at 370 nm. It further activates fluorophores contained on the same bead, and the fluorophores subsequently emit light at wavelengths of 520--620 nm. Measured signal was inversely proportional to FcRn binding activity of the sample.

FcγRIIIa binding assay {#s0004-0020}
----------------------

FcγRIIIa binding affinity of SB2 was measured by SPR. Purified FcγRIIIa (156V/V) was immobilized on a CM5 sensor chip using N-hydroxysuccinimide/N-ethyl-N'-(-3-dimethylamino-propyl) carbodiimide (NHS/EDC). Various concentrations of samples were prepared with HBS-EP buffer and injected into the flow cell for association and dissociation. For regeneration, HBS-EP buffer was injected. Binding affinity was calculated from sensorgrams using the affinity model of the BIA evaluation software.

Antibody-dependent cell-mediated cytotoxicity assay {#s0004-0021}
---------------------------------------------------

ADCC assays were performed with a stable mouse cell line that overexpresses human membrane TNF-α on the cell surface (3T3mTNFα cells) as target cells and PBMCs from a healthy donor (FcγRIIIa 158V/F) as effector cells. Samples were incubated with 3T3mTNF-α cells and PBMCs for 4 hours. Following incubation, the cell plate was incubated with a luminogenic peptide substrate for proteases from dead cells (Cytotox-Glo), and the resulting signal was quantified with a luminometer.

Complement-dependent cytotoxicity assay {#s0004-0022}
---------------------------------------

The CDC-inducing ability of SB2 was evaluated in an enzyme reaction-based CDC assay. Jurkat-mTNF-α cells were used as target cells, and human serum served as a complement source. Samples were incubated with Jurkat-mTNF-α cells and human serum. Following incubation, the numbers of viable cells were determined by measuring the luminescence signal induced by cleavage of Cytotox-Glo.

C1q binding assay {#s0004-0023}
-----------------

The C1q binding activity of SB2 was measured by a sandwich ELISA. The 96-well MaxiSorp microplates were coated with a dilution series of sample. After blocking, purified human complement protein C1q was added. The binding of C1q to the sample was detected using chicken polyclonal anti-C1q antibody conjugated with HRP and subsequent enzyme reaction by adding TMB solution. Optical density at 450 nm was measured by microplate reader, after adding stop solution.

FcγRIa binding assay {#s0004-0024}
--------------------

FcγRIa binding activity of SB2 was measured by a competitive inhibition binding assay using TR-FRET. In this assay, Europium-labeled infliximab competes with unlabeled sample for binding to Cy5-labeled FcγRIa. The procedure was similar to that of TNF-α binding assay.

Other FcγR binding assays {#s0004-0025}
-------------------------

Binding affinity of SB2 to other FcγRs (FcγRIIa, FcγRIIb, and FcγRIIIb) were measured by SPR. Purified FcγR protein was immobilized on a CM5 sensor chip using N-hydroxysuccinimide/N-ethyl-N'-(-3-dimethylamino-propyl) carbodiimide (NHS/EDC). Various concentrations of samples were prepared with HBS-EP buffer and injected into the flow cell for association and dissociation. For regeneration, HBS-EP buffer was injected. Binding affinity was calculated from sensorgrams using the affinity model of the BIA evaluation software.
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[^1]: Two-AB, 2-aminobenzamide; ADCC, antibody-dependent cell-mediated cytotoxicity; CD, circular dichroism; CDC, complement-dependent cytotoxicity; CE-SDS, capillary electrophoresis-sodium dodecyl sulfate; CEX-HPLC, cation exchange-high-performance liquid chromatography; DSC, differential scanning calorimetry; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorting; FcRn, neonatal Fc receptors; FRET, fluorescence resonance energy transfer; HILIC-UPLC, hydrophilic interaction liquid chromatography-ultra-performance liquid chromatography; icIEF, imaging capillary isoelectric focusing; ITF, intrinsic fluorescence spectroscopy; LC-ESI-MS, liquid chromatography-electrospray ionization-mass spectrometry; LC/MS, liquid chromatography-mass spectrometry; LC-ESI-MS/MS liquid chromatography-electrospray ionization-tandem mass spectrometry; MFI, micro-flow imaging; PBMC, peripheral blood mononuclear cells; SEC, size exclusion chromatography; SEC-MALLS/RI, size exclusion chromatography--multi-angle laser light scattering/refractive index; SPR, surface plasmon resonance; SV-AUC, sedimentation velocity analytical ultracentrifugation; TNF, tumor necrosis factor; UV/VIS, UV visible.

[^2]: Abbreviations: H, heavy chain; L, light chain; T, tryptic peptide.

[^3]: S, Svedberg, a measure of the sedimentation coefficient: s. 1 S = 1013 seconds.
